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I-  INTRODUCTION 


A.  Pu*po»e  and  Scope  of  Project 

This  proi^rsm  is  aimed  at  the  development  of  a  hi^  strength, 
lightweight,  titarar.m  aHcy  pressure  vessei.  cf  the  type  used 
for  solid  fuel  rocket  motor  cases.  B^-120VCA  titaoiam  alley 
has  been  selected  for  kirther  investigatioa  because  of  its 
inherent  high  strea'.*tii.  its  potefltial  of  reliably  exceeding  the 
yield  strength  .'density  ratio  of  1,003.000  Inches  and  the  possibility 
of  reaching  l.iOO. 000  inches.  The  main  problems  iovslved  in  its 
aoplicatioe  include  the  development  of  fabrication  techniques  to 
achieve  consistently  high  strength  levels  along  with  the  most 
economical  use  of  material. 

B.  •  Background  Information 


'Previous  research  and  feasibility  testing  conducted  by  Pratt  h 
%'hitaey  Aircraft  Division  have  indicated  that  B-120VCA  titanaom 
alloy  is  an  excellent  material  for  lightweight  rocket  motor 
cases.  Evidence  was  accumulated  that  its  properties  cooid  be 
imprsn-ed.  as  «eij  as  the  techniques  used  in  fabrication.  This 
alloy  contains  thirteen  per  cent  ranadmm.  eleven  per  cent 
.  chromium,  and  three  per  cent  alcminum.  In  the  cold  •worked  and 
aged  condition  it  has  achieved  the  highest  strength/weight  raSio 
of  all  metals  that  have  been  used  for  rocket  motor  cases.  Work 
at  Prett  k  Whitney  .Aircraft  Division  has  demonstrated  that 
this  alloy  may  be  fabricated  into  small  pressure  vessels  with 
yield  strengths  above  1$0.000  pounds  per  square  inch.  At 
this  stresa  level  the  material  has  a  strength  eqiavalest  to 
293. 000  psi  in  law  alloy  steel  at  the  same  strength/density 
ratis.  B-120VCA  titanium  alloy  has  also  displayed  excellent  . 
corrosion  resistance  to  salt  spray  environment  at  the  ISO. 000- 
170.000  psi  yield  strength  level,  an  important  consideration 
where  long  time  storage  is  involved. 

C.  Subject  Matter  Covered  in  This  Report 

The  work  planned  on  the  various  phases  of  the  program  is 
outlined  and  the  results  of  all  current  investigatioos  arc 
reported.  These  results  include  the  fcllowing; 


I. 


Tensile  tests,  ckeiracal  analyses,  astf  tnicra> 
examinatioa  o£  press-forged  psacakc  OCT -2. 

2.  Techni^aes  far  hyd r ogenatioa  of  B-120VCA 
sheet  stock. 

Fractare  toaghaess  (G^  aad  modified  Cbazpy 
impact)  tests  of  forty-inch  diameter  flow-tamed- 
cyliodcrs. 

4.  X-rav  diffraction  studies  of  co!d>rolled  sheet  stock 
and  flow-turned  material. 

5.  TeJtsile,  bend.'  and  fracture  toughness  (C^) 
tests  of  tungsten-inert -gas  and  electron-beam 
welded  sheet  stock,  and 

h.  Limited  tensile  tests  of  pancake  forgings 
upset  at  high  and  low  strain  rates. 

» 

The  above  results  are  discussed  and  tentative  conclesioas  drawn. 


n  PROGRAM  PLANNED 


The  foHowing'prcsram  is  ptanaed  at  fhe  prtrsefA  time  and  is  subject 
to  revision  as  the  development  pro^resa^*.  Major  emphasis  will 
be  directed  to  the  stady  of  mctalloiipcal  factors  which  ififli>eace 
material  beha^Sor  dories  forying,  llow-turaias«  heat  treatmeot*  and 
weldinf.  The  resaits  oi  this  study  will  be  applied  to  tM  achieve¬ 
ment  of  reliability  in  hilt  scale  components  at  the  ISO. 000  psi  yield 
strength  level  with  the  most  economical  use  of  material.  The 
feasibility  cf  extending  the  reliable  yield  strength  level  to  200.000 
psi  will  also  ha  determined. 


As  a  result  of  delays  and  the  revised  pace  given  to  the  program,  it 
is  ROW  apparent  that  ft  cannot  be  completed  in  the  time  called  for  by 
the  contract.  This  matter  csd  the  possibility  of  an  extension  will  be 
discussed  in  meetings  with  the  technical  supervisor.  The  status  of 
the  material  to  be  used  in  the  program  is  outlined  in  Table  L 


A.  '  Effects  ol  Interstitials 

The  effects  of  hydrogen  content  on  delayed  cracking  and 
stress -corrosion  are  to  be  studied,  with  emphasis  on 
the  flow -turned  material  used  for  the  cylindrical  section 
of  rocket  cases.  The  present  PW.A  speciJicatioa  calls 
for  a  maxim«3m  hydrogen  content  of  O.CIS  per  cent. 

When  a  satisfactory  hydrogenazios  technique  has  been 
developed  a  limited  hydrogen  program  will  be  conducted  first 
on  sheet  stock.  The  material  will  be  reduced  fifty  per  cent  by 
multiple-pass  cold-rolling,  hydrogenated  to  a  level  of  200  ppen, 
and  ased  to  a  yield  strength  of  180,  000  psi.  The  aging  beat 
treatment  at  dOOF  should  act  also  as  a  diffusion  heat  treatment 
to  eliminate  any  gradient  in  hydrogen  content  caused  by  the 
hydrogenation  process.  Smooth  and  notched  tensile 

specimens  will  be  tested  at  Hve  temperatures  between'-SSF 
and  4C0F,  Smooth  arid  notched  specimens  will  be  tested  at 
the  standard  strain  rate  (0.  OOS  in/in/min)  and  the  remaining 
notched  specimens  will  be  tested  under  sustained  load. 


It  is  cxpcct«4  tliat  this  isitial  pro^mn-will  est^Bab 
test  tecbimjacs.  give  an  iasiglit  isCo  tlie  eflects  af 
test  temperatare.  and  aid  in  Hsing  the  scstaiaed-loa4 
stress  levels,  as  well  as  determninf  tbe  effect  of 
hydrogen  on  delayed  cracking. 

The  effects  of  oxygen  content  on  aging  response,  notch 
sensitivity  and  stress-corrosioo  will  be  evaluated  using 
nine  press-forged  pancakes.  The  oxygen  levels  being 
investigated  are  0.10.  0.15.  and  O.ZO  per  cent,  the 
hydrogen  and  nitrogen  contents  being  maintained  at  ■ 

0.015  and  0.02  per  cent  respectiysly.  After  Wyman- 
Gordon  has  determitted  the  aging  response  of  the  three 
pancakes  forged  with  different  oxygen  contents,  sm-soth 
and  notched  tensile  testing  will  be  conducted  at  the 
1 80.  COO  and  200.  QOO  pai  yield  strength  levels.  Stress^corrosioa 
testing  «ith  salt  spray  will  also-.be  condacted  on  this  material 
at  the  sanne  strength  levels.  Additional  pancakes  with  varying 
oxygen  centents  wiH  be  press-forged  ta  sets  of  three,  depending 
apon  the  resmts  obtamed  with  the  first  three. 

B.  Forging  Practice 

The  prianary  aims  of  the  forging  portion  of  the  program  arc 
to  improve  the  strength  and  umformity  of  end  closares 
and  to  achieve  more  economical  ase  of  material.  It 
is  expected  that  these  objectives  will  be  attained  by 
contoar-forging  of  bosses,  by  reduction  in  wall  thickness, 
and  by  controlling  finishing  temperature  so  as  to  retain 
the  maximum  amount  of  cold  work. 


Four  pancakes  O.S  x  IS  inches  have  been  forged  in 
open  dies  by  Wyman-Cordoa  at  two  forging  temperatarcs 
and  at  high  and  low  strain  rates.  Four  additional 
pancakes  may  be  upset  as  duplicates  or  at  ether 
combinations  of  temperature  and  strain  rate.  depen£ng 
upon  the  results  of  evaluation  of  the  first  serien. 

The  results  of  this  work  will  be  applied  to  the  develop¬ 
ment  of  closed-die  forging  of  fourteen-inch  £anteter 
domes  by  the  "dogbooe”  technique.  Forty-ineb 
diameter  front  closures  will  be  forged  by  tins  tcckaiqne 


•  %Tt  % 


ii  sttbscate  results  inAcate  uds  to  be  toe 
promtsiae  for^in*  methiMl. 

KiAmmer  Fo 
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Two  of  the  four  pancakes  1x18  inches  to  be 
opset  by  La^sh  will  he  h«  mmer>forfe<S  io 
closed  dies.  The  ittilia!  billet  bYcakdowa  for 
the  first  two  piles' will  he  perfomeCaS  1900 
and  ZOOOF.  and  final  forging  will  he  completed 
at  I700F.  The  other  two  pancakes  will  be 
forged  as  dspiicates  or  at  an  intermediate 
temperature.  The  latter  pancakes  will  contain 
an  offset  boss  so  that  foortren-ioch  diameter 
domes  can  be  produced  if  desired.  Forging 
will  begin  durieg  February.  19bl.  Full  scale  ' 
front' closures  will  be  forged  by  this  techai%ee 
if  mechanical  property  evaluation  of  the  above 
stthscaie  pancakes  and  domes  is  more  promising 
than  the  press  forging  results. 


Ring  Rolling 


l^dish  will  conduct  ring  rolling  statics  on  sin 
foartecn-'inch  diameter  rings.  An  additional 
six  rings  wdl  be  fabricated  for  fiow>turcing 
development.  The  first  four  pieces  wilt  be 
forged  as  fallows: 


Piece 


Biitet  Upset 
Temperature 


1800F 

1800 

1800 

1700 


Ring  Rolliag 
Temperatare 


1800F 

1900 

2000 

To  be  based  oo 
preceding  re  salts. 


These  four  rin»s  will  he  roiled  during  February  and  , 
will  be  sectioned  for  evaluation  of  mechanical  properties 
and  mic restructure.  Two  additional  rings  will  he  rolled 
as  duplicates  cr  at  inlermediate  temperatares  depenting 
upon  i!k'  above  results. 
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7W  2y>fKias  i«c^iq«*e  vihirh  develop*  tfce  best  mcce*str«c> 
t««  m4  wneebaeiral  properties  »fter  rin^  ro^tiaC  and  fSow. 
tamuis  aifi  be  af^ied  to  rcltins  the  tent»iniag  six  rti^s  ■ 
to  be  ased  for  noer^tumiR^  development.  Based  on  tWse 
reselts.  seven  forty^ioch  diameter  rin|{s  ndU  be  rolled 
onder*  optimam  coodiooos.  One  of  t?!ese  •viil  be  sectioned 
for  evaioatioa  and  the  others- flow. turned  for  evalbatieo 
and  possible  ose  in  rocket  eases,  fa  addition,  foH  scale . 
rear  closures  wilt  be  sabricated  by  the  rxn^- rolling 
techsiqoe  if  subscale  resalts  arc  satisfactory. 

Flow-Tarciog  Pexelopeaeat 

The  twelve  fourteen-inch  diameter  roll-forged  rings  fabricated 
Vy  I.a<nsh  wiW  be  flow-tamed.  The  fitst  loot  or  possibly  si* 
of  these  rings  will  »-e  fiow-iarned  using  the  best  present  tccfeciqan 
The  remaining  rings  will  be  used  to  investigate  major  flon- 
turning  parameters  such  as  tl^  mandrel  rptn,  rate  of  roller 
travel  axially,  and  per  ■'rent  redaction  per  pass.  The  cylinders 
resulting  from  tli*s  ivork  will  be  explored  for  mechanic^ 
properties  viih  emphasis  on  fracture  toi^hness.  The  cyiiader* 
will  be  need  So  determine  the  effect  of  200  ppm  of  hydrogen  on 
delayed  craeViug.  X-ray  diffraction  studies  will  be  conducted 
to  determine  the  effect  of  the  various  flow- turning  paraRieters 
on  degree  of  preferred  orientation  and  hence  on  directionality 
of  mechanical  pr<»crties.  Forty-inch  diameter  rings  will  be 
flow-turned  after  the  small  scale  work  has  progressed  suffici¬ 
ently. 

Veld  Development 

The  wreld  development  work  is  aimed  pntnarily  at  improving 
the  fracture  toughness  cf  vrclds  in  S-120VCA  titanium  alloy. 

F racture  toughness  testing  of  TIC  welds  by  Pratt  Ic  Whitney 
Aircraft  Division  and  by  tne  Naval  Research  Laboratory  has  ' 
shown  low  Cc  values.  The  initial  v-ork  wrill  be  on  establishing  the 
best  fracture  toughness  test  technique  and  on  the  evaluation  of  . 
the  electron-beam -veldit^  process.  Techniques  for  wreld  repair 
will  also  be  ievesfigated. 


mctwllographic  Stupes 


Light  microscope  exainioation  of  flow-turned  material,  forged 
end  closures  and  TIG  welds  has  shocrc  variations  in  structure  and 
grain  boundary  constituent  which  are  believed  to  be  associated 
with  poor  mechanical  properties  and  with  unsatisfactory  behavior 
during  fabrication.  Bepresentative  samples  of  the  above  wrill  be 
analyzed  at  Baticlle  Memorial  Institute  by  electron  microscopy 
and  by  micr-oprobe  teclriqurs. 


Uf  TEST  RESULTS 


Mfchaniol  Properties  of  Past  rowings  - 

An  enSmaive  survey  of  the  tensile  properties,  composition, 
and  microstructore  of  Wyman-Gordon  press^for^ed  pau'iake 
DCT-2  has  been  conducted  to  determine  the  extent  of  and  the 
reasons  for  variations  in  yield  strength  with  respect  to  the 
original  billet  center.  This  pancake  was  forged  from  half 
of  a  billet  which  had  been  split  longitudinally  so  that  after 
forging  the  original  billet  center  wa*  located  at  the  periphery 
of  the  pancake.'  Pancake  DOT- 2  was  chosen  for  exafninatioa 
from  a  group  of  three  because  it  had  received  a  double  upset, 
it  represented  the  larger  (fpurteea»inch  diameter)  billet 
stock,  and  it  had  shown  considerable  variation  is  yield 
strength  in  the  preliminary  testing.  It  was  considered  that 
the  double  upset  would  be  more  representative  of  fall  scale 
end  closures  than  the  single  upset,  and- that  the  larger  billet 
diameter  w«H»ld  be  more  likely  to  reveal  any  effect  of  non—' 
uniformity  in  the  ingot. 


OupUcate  slugs  were  cut  from  DGT in  twenty-seven  locations 
across  the  pancake  diameter.  These  locations  represented  the 
top.  center,  and  bottom  of  the  pancake,  and  radial  positions  ex¬ 
tending  from  the  original  billet  center  througs  the  pancake  center 
to  the  original  pancake  surface.  The  slugs  were  aged  at  900F 
for  96  hours,  machined  into  round  tensile  specimens,  and  tested 
at  room  temperature..  The  tensile  properties  and  specimen 
locations  are  shown  in  Table  U.  There  was  considerable 
variation  in  yield  strength  with  a  tendency  for  higher  values 
towards  the  billet  surface  as  compared  to  the  billet  center.  The 
yield  strength  and  radial' location  are  plotted  in  Figure  1.  A 
statistical  analysis  of  variance  has  established  that  there  is  a 
significant  trend  in  yield  strength,  ittcreasing  from  the  original 
billet  center  to  the  billet  surface.  There  is  no  question  that  tfea 
exceptionally  high  yield  strength  adjacent  to  the  fcsUet  surface 
is  the  greatest  factor  in  producing  this  trend  (Table  II}. 

Thickness  measurements  of  the  panc-ake  have  shown  a  denote 
difference  in  thickness  at  the  original  billet  center  from  that  at  tbc 
billet  surface,  the  billet  surface  location  being  the  thifiaer  by 
about  0.100  inch.  This  thinning  could  indicate  a  greater 
reduction  and  more  work  during  forging,  thereby  locally 
increasing  the  aging  response  and  yield  strength. 
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The  re  was  also  a  sifnificast  variation  in  tensile  doctilitY 
with  location  bnt  this  variation  did  not  correspond  to  the 
.differences  in  yield  strength.  Most  of  the  specimens  showing 
low  elongations  came  from  the  pancake  center  and  were 
associated  with  coarse  grain  size  (Figure  1).  Metal  flowin' 
this  area  is  more  restricted  than  in  the  periphery  of  the 
pancake  and  higher  temperatures  would  he  expected. 

Goarccr  grain  size  at  the  center  of  the  pancake  is  indicative  of 
less  work,  coupled  with  a  higher  finishing  temperature.  A 
few  scattered  areas  of  low  elongation  were  evident  away  from 
the  pancake  center  (Table  11}.  These  low  elongations  are 
generally  attrihctahle  to  forging  practice  and  are  not  believed 
to  be  related  to  location  in  the  original  billet. 

Frequency  distribution  plots  of  yield  strength  differences 
between  duplicate  specimens  for  pancake  DCT  *2  and  cold- 
roiled  and  aged  B-IZOVCA  *h«et  stock  are  shown  in  Figure  2. 
These  plots  show  that  the  differences  between  duplicate 
specimens  from  pancake  DGT-2  arc  apparently  within  normal 
test  scatter  as  judged  by  the  sheet  stock  distribetion.  The 
average  differences  were  very  close:  3.17  ksi  for  the  sheet 
stock  and  3.19  ksi  for  pancake  .OCT-2. 

It  was  felt  that  oxygen  content  would  be  the  most  probasle  comp- 
.nsition  factor  influencing  the  observed  differences  in  yield 
strength.  Higher  oxygen  contents  would  be  expected  .at  the 
original  billet  sarface.  Oxygen  is  an  alpha  stabilizer  and  it  is 
Vnown  to  nave  a  strong  influence  on  the  aging  response  of  this 
aUoy.  The  data  measured  on  pancake  OGT-2  at  Wyman-Gordon 
snows  that  the  observed  trend  in  yield  strength  is  evident  after 
aging  at  9C0r  for  24,  49.  and  72  hours,  as  well  as  after  agit^ 
at  900F  for  96  hoars.  Aging  curves  for  various  locaiions  are 
shown  in  Figures  3,  4,  and  S.  The  yie^d  suength  at  various 
specimen  locations  is  plotted  in  Figure  6.  To  establish  a 
possible  correlation  between  yield  sl-rei^th  and  oxygen  conteat. 
samples  from  the  tcusile  specimens  at  all  twenty- seven  Iccatioos 
on  th^  pancake  section  were  anslyzcu  with  the  results  showsi  in 
Table  11.  A  statisl'cal  analysis  has  shewn  no  correlatioc 
between  these  vaU.es  of  oxyg^*  content  and  the  yield  slTeiig»h 
variarions.  Th<  specimens  which  had  low  tensile  elongation 
were  completely  analyxed  for  compositicn  with  she  results 
shown  in  Table  13.  There  appeared  to  be  no  consistent  relatiott 
between  variation  in  any  composition  clement  and  ductility. 


H  h»*  been  reported  by  tbc  Al>Hoc  Commiacer  aa  Ch'-tmof 
Analysis.  Titaaiaxn  Alloy  Sbect  Rolling  Panel.  Or^aaacc 
Materials  Advisory  Board,  that  consisteaM  detcrrmaatioo  . 
of  osy^n  content  in  B-TIOVCA  titanium  aHoy  is  exceptionally  . 
difficult.  The  data  presented  la  the  committee's  report  was 
accumulated  from  various  facilities  using  differeoS  analysis 
techniques  on  Standard  material  samples.  Material  satRples 
of  the  type  used  have  been  procured  from  Watertown  Arsenal 
l.aboratories  and  are  being  analysed  to  compare  results  with 
those  of  other  facilities  as  to  magnitude  aod  variation  of  oxygen 
content.  It  is  possible  that  a  correlation  between  yield  strength 
and  oxygen  content  of  pancake  DCT-2  has  been  hidden  by 
inconsistencies  of  the  analytical  method. 

Microexamination  of  pancake -DCT -2  in  both  the  as-forged  and  the 
forged -and -aged  conditions  has  shown  considerable  variation 
in  grain  size,  amount  of  apparent  working,  and  degree  of 
recrystallization.  as  stated  in  the  first  quarterly  report  (PWA- 
1897).  These  structures  had  no  apparent  connection  with 
original  billet  locations  but  appeared  to  be  a  result  ui  the  forging 
ope  rati  on'alone.  The  only  Signifirant  fact  eviderJ  in  the  as- 
forged  microstructures  was  a  greater  amount  of  working  at  the 
billet  surface  aod  the  pancake  surface  compared  to  other  areas 
of  the  pancake  (Figures  7  and 8).  This  area  of  greater 
workirg  corresponded  to  the  higher  strength  region  at  the  original 
billet  surface  (Table  II).  Microexamination  in  the  forged-and- 
aged  condition  showed  that  higher  strength  is  associated  with 
a  finer  distribution  of  aging  constituent  (Figures  9  and  10), 
Examination  of  specimens  having  low  tenstle  elongation  indicated 
that  tow  ductility  resulted  •  from  a  semicontinoous- 
network  of  aging  constituent  at  the  boundaries  of  rec rystallized 
grains  (Figure  11).  Specimens  with  higher  (more  than  4-0 
per  cent)  elongations  showed  transgranular  failure  across 
unrecrystallized  grains  (Figure  12). 

Duplicate  slugs  from  nine  locations  corresponding  to  original 
billet  center,  pancake  renter,  and  billet  surface  of  pancake  DGT -2 
were  beat  treated  at  I450F  for  one  hour,  aged  at  900F  for  96 
hours,  machined  into  smooth  tensile  specimens  and  tested  at 
room  Xemperaturc.  The  I450F  heat  treatment  was  intended 
to  simulate  the  drawing  operation  on  full  scale  end  closures. 

The  tensile  properties  and  specimen  locations  are  shown  in 
Tabic  IV.  These  results  indicated  more  uniformity  at;d  slightly 
higher  yield  strengths  than  the  lorged-and-aged  properties 
(figure  13).  The  tensile  elongations,  however,  are  much  lower 


KluM  ck»ae  Car  CarcrJ  amA  ageii  material  (Tal«le  H.  Tigare  13). 
MicroexaminatioA  showed  tftai  these  properties  can  be  attribatcd 
to  the  recry staMix^ion  which  occurred  durio^  the  )4S0F  heat* 
treatment.  This  recrystaiBzation  prodoccd  a  more  nmform 
structare  (Figure  14)  and  therefore  a  more  uniform  strength, 
but  it  also  caused  complete  networks  of  apng  constituent 
at  grain  bcuadaries  and  unifcrtnly  low  ductiUty.  Ten^le  - 
fracture  surfaces  indicated  that  failure  was  almost  coropletely 
intergranular  (Figure  IS).  The  material  prepertiea  after 
the  1450F  heat  treatment  and  aging  irulicale  that  severe  overaging 
has  occurred  after  9b  hoars  at  900F.  Sx  additional  slags 
from  pancake  DGT-2  heat  treated  at  14S0F  for  thirty  minutes 
are  being  aged  for  24.  48.  and  72  hours  to  further  investigate 
the  overaging  effect. 

Information  has  been  received  from  the  Ladish  Company  on  the 
comparison  of  material  from  three  metal  suppliers.  The 
compositions  and  tensile  properties  are  shown  in  Tables  V  and  VI. 
These  data  were  accumulated  by  Ladish  in  acceptance  testing  of 
the  material.  The  results  show  differences  in  aging  respouse 
cf  material  from  the  three  sources,  and  corresponding 
variations  in  ductility.  The  yield  strength  and  elongation  of 
these  various  heats  of  materia!  are  plotted  in  Figure  lb. 

No  difference  ia  relative  ductility  is  shown  by  these  data. 

There  were  no  significant  differences  in  composition  except 
that  material  from  metal  supplier  C  appeared  to  have  a  lower  * 
average  chromium  content  (Table  V).  This  difference  had 
no  apparent  effect  on  tensile  properties  (Table  VI).  Similar 
comparative  data  are  being  obtained  from  Wyman^Oordon. 

B.  Effects  of  Interstitials 

All  work  so  far  on  the  effect  of  hydrogen  has  been  on  the 
establishment  of  a  hydrogenation  technique.  First,  hydrogenation 
in  aqueous  solutions  of  hydrofluoric  and  oitric  acids  was 
attempted.  This  technique  was  unsatisfactory  because  it 
produced  a  high  hydrogen  content  at  the  surface  atsd  produced 
an  intergranular  surface  attack.  The  second  method  tried  was 
to  expose  the  material  to  a  hydrogen  atmosjdiere  at  400  to  6C0F. 
This  techmque  was  abandoned  be..aose  the  desired  200  to  300  ppm 
of  hydrogen  could  not  be  obtained  with  reasonable  hydrogen 
pressures  and  exposure  times.  Information  received  from 
metal  supplier  A  indicated  that  hydrogenation  could  be  accom¬ 
plished  satisfactorily  by  a  cathodic  process.  The  process  used 
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auI^'Jiric  sci<f  as  an  elcctrolYte.  a  !ea«l  ano<^.  and  ths;  Utaaiam 
sbc«t  to  be  hydrogesaled  as  a  catliode .  In  pretimioary 
trials,  hydrogen  -levels  np  to  24&C  ppm  have  been  achieved, 
after  a  diffusion  treatment  at  800F.  The  parameters  of  the 
process  are  now  b^ing  established  for  hydrogen  levels  of 
20C  to  300  ppm. 

Half-sections  of  three  press-forged  pancakes  with  varying, 
oxygen  contents  have  been  received  from  Wyman-Gardon. 

These  pancakes  were  to  have  oxygen  contents  of  approximately 
0.10.  0.15.  and  0.20  per  cent.  The  oxygen  analyses  of  the 
ingots  were  as  follows:  ' 

Oxygen  Content 


Heat 

Pancake 

Desired 

Top 

Bottom 

V-lb76 

DYO.-I 

0.10% 

0.126-0.128% 

0.227-0.202% 

V-1677 

DYN-1 

O.IS 

0.158 

0.183 

V-1678 

DYM-1 

0.20 

0.212 

0.202 

Heats  V-lb77  and  V-1678  v.-ere  close  to  the  desired  analyses  bat 
Heat  V-1676  had  a  wide  variation  in  oxygen  analysis.  These 
pancakes  were  forged  with  a  double  upset  as  outlined  in  Table  .Vll. 
Wyman-Gordoe  is  presently  rcchecking  the  composition  and 
determining  the  aging  response  of  the  forgings  at  9C0F. 

hlac roexamination  at  Pratt  It  Whitney  Aircraft  Division  has 
shewn  coarse-grained  regions  at  the  pancake  centers  similar 
to  the  previous  pancakes-  DGM-1,'  DGT-l  and  DGT-2  (Figures  . 

,  .  17. 18.  and  19J.  The  compositions  on  two  surfaces  and  at  the  • 

center  of  each  pancake  arv  being  determined. 

C.  Fracture  Toughness  Testing 

Fracture  toughness  (G^J  testing  on  fortyvjach  diameter  flow- 
turned  cylinders  Nos.  1  and  2  from  the  Pershiag  program  has  been 
completed.  The  material  was  machined  into  the  ASTM  standard 
3x12  inch  internally-notched  specimens  shown  in  Figure  20 
(except  that  these  specimens  did  not  ix^rlude  welds). 

Specimens  were  tested  in  both  the  axial  and  circumferential 
directions.  Both  cylinders  were  tested  as-stress-relieved 
(S50F  for  30  minutes),  and  cylinder  No.  2  after  aging  at 
800F  for  one,  t-vo  and  four  hours.  The  G^  results  and 
corresponding  tensile  properties  are  shown  in  Table  VID  and 
Figure  21.  Smaller  ASTM  standard  specimens  1x4  inches 
and  2  X  S  inches  are  being  machined  from  cylinder  No.  2 


to  determine  the  effect  of  specimen  Kze.  TW  resells  to  date 
indicate  that  the  tooghness  (G^)  is  lover  ia  the  circamferential 
direction  than  in  the  axial.  This  is  understandable  since  the' 
yield  strength  is  higher  in  the  circumferential  direction.  . 

The  toughness  rs  approximately  equivalent  at  a  given  yield 
strength  level  regardless  of  direction  (Table  VIII.  Figure  Zl). 

VtodiHed  Charpy  impact  specimen*  (Figure  22)  and  instrumented 
bend  test  specimens  have  been  machined  in  the  apdal  and  circum¬ 
ferential  directions  from  flow-turned  cylinder  No.  2.  An 
attempt  will  be  made  to  correlate  the  results  ou  these 
specimens  wjth  the  test  results.  If  a  satisfactor*,  correlation 
is  found  to  exist,  it  may  be  possible  to  eliminate  the  expensive 
test  method,  or  to  use  it  only  as  a  final  test  method  after 
screening  tests  with  specimens  of  the  above  type.  Test 
results  on  modified  Char-py  impact  specin.ens  at  room  tempera¬ 
ture  and  -j5F  shown  in  Table  !X  indicate  considerable  variation. 
The  room  temperature  data  exhibited  a  slight  trend  towards 
higher  energy  absorption  in  the  circumferential  direction  as 
compared  to  the  axial.  The  -2SF  data  were  too  limited  to 
show  an  effect  of  direction  but  indicated  a  slight  trend  towards 
lower  energy  absorption  than  the  room  temperature  results. 
Energy  absorption  and  yield  strength  are  plotted  in  Figure  23. 
Modified  Charpy  impact  testing  so  far  has  shown  that  the 
sensiiivTty  of  the  test  technique  at  room  temperature  and  below 
is  no^  adequate.  Additional  impact  specir*.ens  will  be  tested 
at  70.  21S,  and  400F,  and  instrumented. bend  specimens  w 
be  tested  at  room  temperature. 


X-Ray  Pi  {fraction  Studies 

The  preliminary  x-ray  diffraction  studies  of  mill -annealed 
a..d  cold-rolled  sheet  and  of  flow-turned  material  ba\e  been 
completed  and  the  results  reported  by  Manufacturing 
Laboratories,  Cambridge,  Massachusetts.  A  copy  of  this 
report  is  included  in  Appendix  C.  The  samples  analyzed 
had  seen  machined  from  mill -annealed  sheet  0.125  inch 
thick,  cold-rolled  sheet  slock  (fifty  per  cent  reduction)  aged  at 
850F  for  thirty  minutes,  and  the  -iO-ineb  diameter  Pershing 
flow-turned  cylinder  No.  2  (fifty  per  cent  reiiaclion)  also 
aged  at  8S0F  for  thirty  minutes.  The  results  of  this  study 
were  as  follows; 


1 .  Cold-roll«d  a^icct  %ad  floRr-tsmed  material 

a  <li5tinct  textare  whereas  tnill-anitealed  ^>ect  is 
randomly  oriented, 

2.  The  texture  cf  flow-tarned  material  varies  across 
the  wall  thickness,  and  differs  from  that  of  cold-> 
roiled  sheet. 

3.  The  principal  working  direction  in  flow -turning  is 
circumferential, 

4.  The  outer  section  of  flow -turned  material  has  a 
singular  texture,  similar  to  one  component  of 
what  would  he  expected  from  rolling  in  the 
circumferential  direction,  and 

5.  The  inner  section  of  flow-turned  material  is  of  a 
mixed  character,  consisting  of  the  outer  section 
texture’  and  a  texture  ■  xpected  for  rolling 

in  the  axial  direction. 

These  results  predict  that  th;  transverse  mechanical 
properties  cf  cold-rolled  sheet  should  be  similar  to  the 
axial  properties  of  a  flow-turned  cylinder.  Similarly 
the  longitudinal  properties  of  cold-roiled  sheet  should 
resemble  the  circumferential  properties  of  the  inner 
section  of  a  flow-turned  cylinder.  The  fact  that  the 
outer  section  of  flow-turned  material  has  a  singular 
texture  indicates  considerable  directionality  in  its 
mechanical  properties.  Since  the  inner  section  has 
a  mixed  instead  of  a  singular  preferred  orientation 
it  should  exhibit  little  cr  no  directionality.  These  . 
predictions  are  verified  b-^-  the  observed  results  shown  in 
Table  X. 

Weld  Development 

Preliminary  testing  on.the  initial  set  of  TIC  and  electron-beam 
welded  panels  has  been  completed.  Three  panels  of  mill -annealed 
sheet  0.125  inch  thick  were  TIG  welded  with  B-IZOVCA  filler 
wire,  ilelium  was  used  for  the  torch,  trailer  cup.  and  quenching 
gas.  The  panels  were  welded  with  solid  copper  backup  and 
hold  down  bars  using  a  travel  speed  cf  five  inches  per  minute, 
an  arc  voltage  of  about  ten.  a  current  of  about  125  amperes,  and 
a  tungsten  electrode  0.093  inch  in  diameter. 
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**  ^  trav-J  s-pe^  of  tvenSy-cigKt  incfiez  pir  miavce,  a  voltage 
of  115  to  155  kito^oUs.  and  a  current  of  3.0  to  4,4  cosiU* 
amcers-fi.  Three  panels  •ere  u^lded  frero  min-a»ealed 
sheet  0.  125  inch  thick.  Two  additional  panels  were  welded 
froTo  coldorotlcd  sheet  reduced  tnirty^five  per  cent  to  a 
thickness  of  0.  C05  inch  and  aged  at  600F  for  fonr  hoars  prior 
to  welding.  The  intent  of  the  aging  treatment  was  to  prodocc  ■ 
a  yield  strength  level  of  abost  ISO.  OOG  psi. 

Tensile,  bend,  and  fractare  toughness  tests  sa  efiecisaeas 
from  these  panels  have  been  completed.  Modified  Cbarpy 
impact  specimens  notched  at  the  weld  center  and  instrumented 
bend  specimens  haee  bees  machined  from  the  TIG  welded 
panels  and  are  ready  to  be  tested.  Tensile  and  bend  test 
resails  for  both  the  TIG  and  electron-beam  nrelded  panels  are 
shown  in  Table  XI.  Greater  bend  ductjiitjr  is  indicated  for 
the  eiectron-beam  welded  material.  The  tensile  properties  rticw 
lower  elongation  for  ^he  electron-beam  welded  specitncQS  and 
higher  yield  strengths  for  those  welded  ia  the  cetd-rolied 
and  aged  condition.  These  differences  are  a-jt  representative 
of  the  strength  and  dactility  of  electron-beam  welds.  The  low 
tensile  elongation  measured  o*.’er  gage  lengths  of  one -half  aad 
one  inch  is  a  resalt  of  a  very  localized  deformation  i«  the 
aarrow  <0.050  •  0.073  inch)  weld  bead  characteristic  of  th« 
electron-beam  weld.  Tins  localised  deformation  is  believed 
to  be  csoaed  by  a  slightly  concave  weld  face  aad  by  the  dictile 
nature  c-f  the  weld  nvalerial  as  compared  to-  the  paretd  metal. 

The  localized  yielding  also  gives  artificially  high  yield  stieogihs 
because  the  deforming  Rvaterial  is  strengthened  by  the  adjacaot 
high  strength  parent  material  as  demonstrated  by  the  test  re¬ 
sults  from  panels  Nos.  357  aad  iSS  (Table  XI). 

Fracture  tcughnesv  (G^)  specimens  were  machined  from  TIG 
welded  panels  with  notches  at  the  weld  centers  per  Figure  20. 

One  specimen  from  an  electron-beam  welded  panel  was 
machined  in  accordance  with  Figure  20  and  the  remainder  per 
Figure  24.  The  fracture  toughness  test  results  are  shown  ia 
Table  XU  together  with  previous  data  from  NRl,  on  PfcWA  TK3 
welded  panels.  The  l<«£hness  of  TIG  welds  tested  ruder  this 
program  was  comparable  to  that  obtained  by  NRi-  on  similarly 
elded  •^■nateria!,  with  OT^e  exception.  The  exception  {i4?0 
in-lbs /in^}  is  considered  significant  because  the  specimen  vsas 


iTkactiined  from  m  area  armch  %a4  aaly  sli^M  hat  compltae 
pestetration.  Tliis  sUgh:  penetration  was  accompanied  l>p  finer 
grain  size  and  Sess  evidence  of  grain  bonndary  constiment, 
indicative  of  a  faster  cooling  rate  as  shown  by  comparison  of 
Figares  25  and  26.  Topical  macrostmctnrc  of  TIG  welds  is 
shown  in  Figure  27.  The  grain  size  in  this  area  was  Ov  012  inch 
as  compared  to  C.  015  inch  in  TIG  welds  sritb  normal  pcnatsaUon. 

The  fracture  toughness  resolts  on  electron-beam  welded 
materia!  are  more  difScuU  to  interpret  becaose  of 
influence  of  spccimec  size.  The  single  3x12  inch  spccitncn 
had  a  of  795  in-Jbs/ia-  which  is  higher  than  the  average 
value  for  TIG  welded  materia!.  The  1x4  ix^h  specimens 
also  gave  higher  values  than  TIG  welded  material  but  this 
result  may  not  be  significant  ^cansc  of  the  difference  m 
spec  .men  size.  The  notched  tensile  strengths  of  these  small 
specimens  are  encouraging  because  they  are  close  to  the  ul¬ 
timate  tensile  Strength  of  the  material  (Tables  XI  and  XU). 

The  latter  specimens  bad  a  stress  concentration  factor  of 
K,=i3. 

Based  on  bead  testing  and  a  limited  amosat  of  fracture 
toufhnsss  tG^  testing,  it  appears  that-the  dactility  of 
electron-beam  welds  is  superior  to  that  of  TIG  welds. 

This  prdbabiy  can  be  attributed  to  tbe  (aster  cooling 
rate  in  electron-beam  weldhig  -  which  results  in  less 
grain  boundary  precipitate  and  doer  grain  size.  The 
average  grain  sizes  in  electron-besm  welds  were  C.OdS 
inch  in  material  0.035  inch  thick  and  O.Cil  inch  is 
materia!  0.125  inch  thick  as  measured  us,  transver  se 
sections. 

To  further  evaluate  the  electron-beam  welding  prt  “ess 
a  proposed  program  is  being  prepared.  It  will  be  sub¬ 
mitted  to  Hamilton  Star>dard.  Airco.  and  National 
Research  Corporation  for  quotations  on  performing  the 
work.  This  program  would  involve  1}  the  determinatioe. 
of  the  effects  of  electron-beam  welding  parameters 
on  Rtic restructure,  and  2}  the  determixtation  of  the 
mechanical  properties  cf  tbe  most  desirable  structures. 


To  ^eiemaoe  tKe  cifect  of  crack  orienrtaUott  in  TIG  wel«a*  ‘ 
tlse  testing  of  a  specimen  containieg  two  iongita£aat  welds 
vita  a  transversely  oriented  notch  in  each  weld  (Figure  28) 
is  being  considered.  A  series  of  panels  are  being  TIG 
welded  to  evaluate  this  specimen  and  the  biaxial-stress 
veld  specimen  used  by  Curtiss-Vf right  (Figure  29).  In 
ad^ticn.  edge-notched  specirness  (Kt  =  S)  and  further 
impact  specimens  will  be  tested.  Various  methods  for 
increasing  the  cooling  rale  of  the  TIG  weld  puddle  are 
being  considered. 

Forging  Practice 

1  .  Press  Forging 

llslf- sections  of  four  press -forged  pancakes  have  been 
received  from  Wyman-Gordoo.  Two  pancakes  were 
forged  in  a  single  upset  at  1700F  and  two  at 
1850F.  One  of  each  pair  was  forged  at  a  high  strain 
rate  and  the  other  at  a  low  strain  rate.  The  forgtng 
procedures  fcilowed  are  outlined  in  Table  XIII.  Wyman- 
Gordr^c  is  presently  determining  the  aging  response  of 
these  pancakes.  The  data  received  so  far  is  shown  in 
Table  XIV.  The  tensile  properties  indicate  a  faster 
aging  response  for  the  pancakes  upset  at  Irw  strain 
rates,  and  lower  yield  strengths  towards  the  pancake 
centers  than  at  the  pancake  surfaces  (Table  XIV). 
Macroexamination  showed  coarse-grained  regions 
at  the  pancake  <enter£.  There  was  also  a  tendency 
towards  coarser  grain  size  after  forging  at  a  hi^ 
strain  rate  (Figures  30,  31,  32,  and  33).  There  was 
no  appre<'iable  difference  in  the  grain  siae  of  pancakes 
forged  at  1700F  and  those  forged  at  1850F.  The  coarser 
grain  size  and  slower  aging  response  after  forging  at 
high  strain  rate  is  belie''ed  to  be  due  to  the  higher  fin¬ 
ishing  temperature  as  compared  to  that  for  the  low 
strajc  rate  forging  (Table  XUl). 


2.  Hammer  Forging  and  Ring  Rolling 

The  l,adish  Company  has  completed  acceptance  testing 
of  the  beat  of  material  that  will  be  used  in  the  first 
part  of  the  hammer  forging  xnd  ring  roiling. program. 
The  composition  was  as  follows: 
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Th«'  tensile  properties  at  70F  determined  by  Ladish  are 
•sho»-n  in  Table  XV.  The  resnlts  showed  a  trend  tc  ards' 
higher  strength  at  the  ingot  ton  than  at  the  bottom.  To 
minimiec  this  effect  ana  to  avoid  the  effects -of  possible 
variations  in  composition,  the  materia!  for  hammer  forging 
wj;}  be  taken  from  one  end  of.the  ing*>t  and  the  material 
for  ring  rolling  from  the  bthex'  end.  If  sefficieot  material 
is  available,  samples  for  hammer  or  roll  forging  will  be 
taken  at  intermediate  locations  as  a  check  on  composition 
variations  along  the  ingot. 


IV  fXSClSStOfC 


A.  o£  nanrak.^  DGT-Z,  «bich  w  forged  seder  joint 

sUscy  ay  Wy-jiaa-Gordoa  and  Pratt  tc  Whitney  Aircraft  I^vision 
prior  to  the  current  contract,  has  desronstrated  that  opea-die 
-  forging  can  develop  a  wide  range  of  tensile  properties  within 
a  given  part.  L.ow  ductility  in  the  center  of  the  pancake  was 
found  to  be  associated  with  a  greater  degree  of  grain  boondary 
recrystalHxation  than  elsewhere  in  the  forging  (Figures  11 
and  12).  InsufHcicnt  localized  working  coupled  with  higher 
local  lemperaicrci  are  suggested  as  explanations  for  this  be¬ 
havior.  The  relatively  high  finishing  ten^perature  {1365F]  and 
the  long  aging  time  of  96  hours  at  90CF  to  develop  a  yield 
strength  ox  ISO.  090  pai  are  indications  of  the  cnasnal  behavior 
or  this  forging.  Forgings  of  this  type  normally  develop  the 
desired  tensile  properties  after  9  to  40  hours  at  900F.  .Also  of 
interest-is  the  fact  that  fine  aging  precipitate  in  pandake  DGT-2 
was  associated  with  higher  yield  strength  (Figures  9  and  10). 
San-.pses  with  lowhr  yield  strength  had  coarser  aging  precipitate. 

S.  The  differences  in  texture  between  irsner  and  outer  surfaces 

of  flow-turned  material  shown  by  x-ray  diffractiac  are  in 
agreement  with  the  mechanical  properties  for  the  respective 
locations  (Appendix  C.  Fig- 7).  The  x'ariations  in  crystal¬ 
lographic  crientatioo  shed  some  light  on  the  nature  of  the  de¬ 
formation  produced  by  flow-turning.  Jn  simplified  form  it 
appears  that  1)  the  metal  in  contact  with  the  roller  tool  is  de¬ 
formed  spirally  Jo  a  depth  o?  at  least  0.  015  inch,  and  2}  the 
metal  adjacent  to  the  mandrel  is  mov—d  axially  as  is  cold  rolling- 

The  x-ray  diffraction  work  performed  so  far  constituted 
an  exploratory  effort  to  ascertain  whether  it  would  be  possible 
to  detect  any  evidence  of  preferred  orientation.  Consideration 
is  being  given  to  determining  the  profile  of  the  texture  from 
the  outside  surface  to  the  inside  surface  of  flow-turned  material. 
The  nature  of  the  residua!  stress,  cctnpressive  ox  tensile, 
across  the  flow -turned  section  needs  definition,  and  this  may 
be  capable  of  solution  bv  x-ray  diffraction  techniqses. 


The  sigaiftcicce  of  preferred  orrsntatioe  eacaents red  is 
dte  fIo«r-4arae4  acctiMi  fra  is  s  isciuei  raw  is  saK 

vet  clearly  naderstood.  It  is  Sesawe  tfcai  ianprsved  toosliaes's 
is  imparted  by  present  floar'tsriusK  teebei^^s.  It  may  be 
passible  to  further  improve  toaghness  by  varyiag  tbe  ilovr* 
tenving  parameters.  Since  it  has  been  dexnosstrated  that 
preferred  orieetatioa  from  x-ray  diffr  cties  aaslysis  eorreiates 
with  directionality  cf  mechanical  properties,  the  x-ray  ^ffractioe 
measurements  wocld  be  useinl  in  guiding  the  llcw^ttrniag  deveiep- 
ment  program  to  obtain  optimam  directionality  of  properties.  .  _ 

The  work  on  press  forging  at  low  vs.  high  strain  rates  is 
inccmplete  but  the  data  presently  available  indicate  tbat  for 
open-die  press  for^ng.  low  strain  rates  appear  preferable 
to  higb  strain  rates  at  570G  or  1S50F  forging  temperatures. 

It  also  appears  that  the  best  resolt  is  produced  by  a  fisisKing 
temperature  of  i400F  or  below.  An  attempt  will  be  m^e  to 
define  the  relative  importance  of  strain  rate' vs  finishisg  tetnp« 
craturo  by  forging  one  psneaVe  from  ibOOF  at  a  high  strain 
rate  and  a  second  pancake  from  2000F  at  a  low  strain  rate, 
finishing  both  forgings  beiow  1400F  if  possible. 

These  preliminary  studies  of  strain  rate  and  forging 
temperature  were  intended  lo  unco\'er  any  extremes  in  forging 
practice  which  would  produce  unsatisfactory  metallorgical 
behavior.  The  results  will  be  applicable  to  etosed-die 
press  work  and  should  provide  suitable  ranges  of  forging  rate  ' 
and  temperature.  The  rate  of  heat  estracticn  by  tbe  closed 
dies  and  the  metal  flow  will  undoubtedly  govern  starting 
remperature.  Finishing  temperature,  however,  will 
apparently  dictate  the  eventual  starting  practice. 

The  relatively  high  valce  of  793  ic-Ibs/in^  obtained  on 
ac  electron-beam  welded  sample  points  'out  the  weld  toughness 
-which  may  be  realized  with  this  technique.  Based  on  the  limited 
data  available,  the  ductility  of  electron-beam  welds  appeared 
to  be  superior  to  that  of  TIG  welds.  The  exception  to  this  trend 
was  the  onuBoal  value  cf  1480  in-ibs/in^  found  ia  a  seeticn  of  a  TIG 
weld.  That  the  laUer  was  a  valid  test  was  confirmed  by  tbe 
appearance  of  the  fracture  and  tbe  desirability  of  the  fine  grain 
size  in  welds  -was  apparent.  Altbo<tgb  Uiis  condition  was  asso¬ 
ciated  with  marginal  -weld  penet  ration,  a  condition  considered 
impractical  for  efreumferentia  *  case  -welds,  this  does  not  pre¬ 
clude  the  possibility  of  obtaining  finer  grained  welds  by  changes 
in  weld  technique. 
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TA«LE  1 
(Continuod) 


PVA-J934 


TJitSLSll 

tCoatxiMe<l 


Specimen 

Aging 

UTS 
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.  P 
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AA 
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207.3 
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*  £>2sh  1  specimens  locJited  behind  those  shown  in  the  sketch. 


TABLE  Hf 


Compos'tti^  of  Te*»51e  SyiciwMM  fi  ora  Pancaice  Farciac  DGT-A  • 


?pecitnec 

Y 

* 

Al 

re 
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Kg 

A* 
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•  Specimens  had  low  tensile  elongaiioo:  1. 4  -  2.  8% 
♦♦  Specimens  ^d  high  yield  strength:  above  190  ksi’ 
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*D2sh  1  speciihess  located  behind  those  shown  in  the  chetch 
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C-i 
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SUMMARY 


QsAntixativs  pol£  figures  ba^e  betn  d*termi»e4  for  B-iZOVCA  titanium  aHoy 
sheet  in  the  foilowing  conditions:  annealed,  eold-roUed  (50^  reductioni  and  aged, 
and  now-torr.ed  {50?t  reduction)  and  aged-  It  ie  shown  that  the  deformation 
ttxtures  are  (i60)  fClt}  for  the  annealed  sheet.  {Sddl  [OHJ  and  (111)  [l50}  for 
the  s:c=d-rcllcd  sheet.  fiS3}  [Oil]  -and  Jlli)  [liS)  for  she  inner  section  ai  the 
flcvf-tnriiedl  sheet,  ^nd  fill)  for  the  outer  sectijtn  t>f  th^:  fiew-tarned 

sheet.  Reported  variations  in  m*Cf«?ucal  properties  across  the  thickness  and  in 


tha  p:ar>c  of  OoC"- turned  sheet  can  be  understood  in  urms  -of  the  observed 
diffc-'ccces  ia  preferred  orientation- 


I-  INTRO DOCTZON  AXO- OBJECTIVE 


Stcdies  of  tbs  cold-forznicig  of  B-IZOVCA  tstaniurn  alloy  iuU>  thin  «all 

hollow  cyliadt  rs  by  a  flow-turning  operation  are  currently  in  progress  at 

Pratt  and  Whitney  Aircraft.  The  aHoy*^'^*^*  has  been  developed  recently 

for  applications,  such  as  rocket  motor  cases,  where  extremely  high  strenglh- 

lo-censity  ratio  is  retjuired-  The  cornpcsitioa  of  the  alloy  {X3  wt.%  vanadium,  i* 

chromivois  and  4  wt.  *  aluminum}  is  such  that  all  the  alloying  elements  are  taken 

into  solution  on  heating  into  the  beta  phase  region. -.na  that  beta  is  retained  as 

a  metastable  phase  on  air-cooling  in  room  temperature-  The  ssetaStable  beta. 

which  has  a  body-centered  cviic  structure,  can  be  decomposed-  by  aging  at 

moderate  temperatures,  la  the  «>!*jtion- treated  condition,  the  alloy  is  soft  and 

ductile,  but  agjag  brir.5S  about  a  substantial  hardening.  Cold-forrriing  operations 

can  h«  conducted  readily  on  tne  soiuiion-trealed  alloy  without  simultaneccs 

fit 

decompostlton  of  the  beta  phase' 

Tna  Pratt  and  Whitney  studies  havn  shown  that,  in  contrast  to  annealed  or 
coid-tnll'S-d  and  aged  sheet,  ths  flcw-turijed  alloy  exhibits  variations  it>  mcchata- 
cal  preu-erties  both  in  different  -lir^tion*  in  the  ^a»»c  w  the  material  and  across 
its  thickitcas.  Trtt-  oSuly  of  crystallographic  orientation  which  ss-  desefibe^ 
her«in  ■aras  undertakcR  with  She  objeettvi  of  irter mtaing  whe«her  these  variations 
in  mechanical  prooertiei  could  b«  re'-sic-d  to  the  nature  of  the  preferred 
cricnlation  Sn-doced  bp  jTow-lsrnirjg. 


2-  EXPERIMENTAL.  PROCEDURE 


2.  i  X-ray  Mathod 

Pole-figures  for  describing  preferred  orientarion  ia  poiycrystalli&c  metal 

sheet  are  usually  determined  by  quvntitsiit'e  x-ray  ^pectrumeler  techniques 

(6  7* 

using  a  Geiger  counter'  *  *.  X-ray  reflection  tRcUrods  for  flat  sheet  spccirnatvi* 
such  as  that  due  to  Schultz,  provi-i-  data  orly  for  the  ceriral  pari  cf  the  pole 
figure,  and  the  outer  eegion  must  be  delcrrriiru.-d  by  a  transmission  racthod- 
Altrr natively,  a  re 'lection  method  alone  can  be  usetJ  if  specimens  of  special 
shape  are  cut  from  She  eheet.  Such  methods  have  bece  deacribed  by  Norton. 
Eorie  and  Chcraock  and  tffahl^^^. 

lo  the  Norton  method,  a  series  of  cyliadrics.1  specimens  is  cut  so  that  the 
axis  of  each  makes  a  dilfcr«.n»  angle  srith  the  roUieg  direction.  Each  specimen 
provities  data  along  oce  iiameler  cf  the  pole  figure.  Borie  uses  a  single 
laminated  spherical  specimen  made  up  from  sheet.  The  sphere  is  rotated 
sitnaltaneously  through  the  angle  between  the  reference  direction  and  the 
a-trsavtion  plane  pole  and  through  the  azimuthal  angle,  prcducing  data  along  a  spi 
ral  path  on  the  slcreographic  prcjectior.  The  Bubicr  method  employs  a  single 
laminate*!  cubical  specimen  made  op  fr-.m  sheet.  Again  the  sample  is  driven  sc 
as  to  produce  data  .ilong  a  spiral  path  on  the  sler.rographic  projection.  However, 
to  provide  complete  coverage  of  the  pole  figure,  separate  runs  must  be  made 
on  each  of  three  orthogonal  cube  faces. 

Recentiy.  the  disadvantages  of  the  intonvenical  shape  cf  the  Boric  type 
soccimee  and  the  maili^^e  runs  icqeired  in  the  Buhler  racthc-d  have  been  ever- 
come  in  a  method  developed  k>r  the  rapid  determination  of  deformation  texture 


in  refractory  metals.  Tbe  method  has  been  adopted  here  for  *Ke  measrremcat  of 
preferred  orientation  in  B-12.0VC A  titanium  allcj. 

The  method  uses  a  single  laminated  cubical  specimen  'orhich  m  maiie  jfp 
from  the  sheet  under  examination.  The  cube  is  sectioned  sc  as  to  -ierelnp  a 
diagonal  face  making  equal  ax^gles  three  orthogonal  faces,  lisl'n®  the  •'Jiagoaal 

face  as  the  refleclii^  seriace,  the  specimen  is  set  up  in  a  fforelcc  motor -driven 
goaiemeter  with  csnvcnticnai  Schultz  geometry  so  as  to  trace  a  sp:  -al  Sktsajh 
the  slereographic  projection.  The  Noreico  goniomcltr  is  modified  to  a  ^^id  Iht! 
necessity  of  correcting  the  spiral  for  interaction  between  the  two  mator  -drires. 
The  s-ray  beam  intensities  for  the  ciioscn  reflection  are  recorded  cositiTiuously 
by  means  of  a  Geiger  counter  and  strip-chart  rtccrdcr.  The  rotaisons  necefsary 
to  bring  the  cube  diagonal  face  to  the  diffracting  position  are  reversed  or.  the 
scarecf  raphic  projection  by  means  of  a  Wultf  net.’ with  the  that  the  spiraa 

tra*-k  appears  as  a  distorted  spiral  which  cevers  the  whole  area  of  the 
appropriate  quadrant  of  the  pule  figure.  At  discrete  time  intervals,  the  ratics 
of  the  reiletted  x-ray  beam  intensifies  to  the  raadam  intensities  of  the  same 
position  of  :he  specimen  with  respect  to  the  be^-m.  arc  read  off  the  recorder 
chart.  These  ratios  arc  plotted  on  the  quadrant  of  the  pole  figure  and  bour^{.rics 
drawn  arcund  areas  of  similar  intensity  ratio.  Due  to  the  specimen  gcomet.'y, 
only  a  single  run  is  necessary  to  determine  the  complete  qua  drant  of  the  ;x:de 
figure. 

la  practice,  analysis  of  the  pole  figure  ia  facilitated  by  plotting  the  data 
points  for  the  various  ictensity  ratios  in  iiffereni  colors.  Due  to  the  difficulty 
of  making  a  multi-ccsorrd  reproduction,  an  example  is  not  included  in  this 


T 


report-  tfie  Wack-aad-whfte  repro^uctiam  A£ll^J  pole  figure  shaws 

it.  Figure  I  illtt*wa.ie5  the  detail  cf  ltr«  ial  afesity  distributitm  ushich  the  Tnetkod 
provides.  The  frequency  of  the  data  plottisj  is  indicated  by  the  partial  spiral 
incloded  in  the  fijar*. 

2.2  Specimen  Preparation 

Samples  of  B-  :20VC.-^  titatiium  alloy  sheet  in  the  following  coiidirion*  were 
obtained  in  the  form  af  !  inch  squares  from  the  X4atc*’ials  Ocvdcpmenl  Labvr.al^ry 
Piatt  and ‘^Sffhitncy  Aircra'^t: 

!i)  Milt  anosalcd  (i/S  is.  thick} 

(2)  Cole  rcllc-d  <50%  Tedacti-m  to  l/lh  izu  thick!  and  aged  at 
SSO^v  for  10  mi  edes- 

(1)  Floic- turned  <5t-%  reJuctum  to  l/l6  in.  thichi  from  a  40  in, 
diamitrr  ring-forging  mi  aged  at  350“f  (or  Itf  minutes 

The  cold- r.rsilr  d  at-d  flow- '<!-.aed  samples  haJ  bean  cleaned  with  an  altCTina  blast 
to  remove  surface  dsscos<rration  dw-;  to  oxicaticn  dorit^  the  aging  treatrnenl. 

The  mili-?cUis:§,  c«ld-rriling  >.n(S  flow- turning  directions  were  indicated  hy 
scrib*  i  *rrv-ae  vm  thv  samples,  in  addition-  the  out-idc  s^ri^cc  ef  the  cylinder 
from  whici:  tKr  Hov,.  ismed  sample  was  obtained  was  indicated  by  the  scribed 
desi^t^tion  '’0£5**.  Tht  now-turning  direction  is  defined  as  h^ng  parallel  to  the 
axis  ct  ihc  cylinder. 

Soecimeos  for  the  mcisarcment  of  preferred  o^^ectaiioo  w-re  prepated  in 
the  fosm  of  cubes  of  1/3  in.  side  by  laminating  pieces  cf  the  appropriate  sheet 
sample  together.  The  laminations  wera  stacked  rc  that  the  dcfo'mation  directias: 
in  Ifi-i  sheet  was  maintained  in  compr-sitt  specimevs.  5acli  cube  was  irctieoed 
in  Inn  manner  indicsted  above,  cnl  the  rriulting  diagonal  face  polished  ir.etalio- 


grr.piwcally  and  lightly  etched- 


For  the  aartealed  and  th-*  ccii- Tolled  Cfioical  specimens  were 

made  ap  fr'_ri  Ijminasioris  :>£  tt-.e  eniirt  sheet  thickness.  Before  laminating,  each 
sample  piece  vtras  iightlj  grrxii^  i;»  ensure  that  the  upper  and  lower  surfaces 
were  paralit*).  Apprc^dmalcly  9-‘)C5  in.  was  ground  Ir-jjn  each  surface  in  this 


proccss- 

Fer  the  S.^w-turned  cotiimtioD.  twe  cuoical  x-ra?  specimens  wer^  'sadc  up, 
one  =f  lam'naticns  taiten  from  the  suter  section  of  the  as-received  sheet  atd  one 
of  saminaiions  from  the  inarr  seetc^n-  The  iaminations.  approximately  0-91S  in. 
thick,  were  tparca  oy  grin^eg  away  the  uftwanted  porlh*ri  of  the  sheet  thickness 
aftc-  a-‘:t  liahCiy  grinding  {rot  more  than  O.  POS^  in-  cf  material)  both  surfaces  to 


make  them  parallel.  Ts-j-  of  thv>e  specimens  itpresenl  the 


textures  in  the  outer  ousrtcr  and  the  inner  quarter  oh  the  total  seetton  thickness. 


3-  EXPeRlMENTAl-  REISULTS 


The  intensity  diatributian  of  ihc  rirflftctions.  irem  0 1«?J.  planes  was 
obtainad  by  the  mettuyd  dtserifce^-  using  fi.tc-red  r-cnpcr  raJistiotj.  Tht  data 
xc-r  the  feur  cotxditiona  -  annealed.  cold-ron*.-d.  flcw.-tiirnad  outef  suffice 
anJ  flov'-turncd  inner  surTace  -  rri  presented  in  Ihe  farm  oT^i'^pole  iiguxes  ia 
Fifurea  2.  3.  4  and  S  respectively.  Tc  f:*cilitate  chc  fc«Sr-pst«'lscs  o? 
preferred  nr j..riaJions.  ih<  nximb^r  ol  xntensxty  ranges  avaitahla  from'-thc 
i-xpcrxrnant.'il  data  hi.»  been  reduced  for  l.xesc  pole 

With  the  cxce^'on  of  tnc  rasll-anncatoi  rnatcri.il.  e*h  The  samptes-  exhibit 
-Jiistinct  textures.  Tlie  mill-annealed  material,  ’  Figxixe  a  slight 

ir^dic.taon  of  a  (SCO)  {011}  taxture.  bat  is  othcTwist  etose  ^  ratdam.  For  the 
deformed  malarial,  the  nearest  ideal  preferred  orientations,  that  is.  the 
crystallographic  planes  an*  air  ec  tie  ns  iwhich  Uc  psraiicl  tc-  the  deformation 
direction,  arc  indicated  on  eacHof  the  pole  figure*.  textures  are 

semm^rized  in  Table  I: 

T.-\BLE  I 

^^xturne  Obsvrvc  I  In  3— .201^0^  Titanxum  A-*toy  S^heev 


Sheet  Coneitioo 
Mill  annealed 
Cold  rolled 
Flo*«  turned 


Principal  Tgzture  CO'^npon^nis 
-  essentially  rando.r:  u-xtvrc  -■ 

(ioo?lcuj  (unliifti 


(aj  inner  section 
{b}  outer  section 


(IGO) {011} 


iuniiirj 

ill {112} 


DISCUSSION 


4.  i  Comparison  of  Textures 

Tho  textures  observed  in  the-Soferfned  titanium  aiioy  ^re  illastratcd 
schematically'  in  Figure  6.  It  is  seen  that  the  (III)  {ll2«  comjrsncnt  'wideb  is 
found  in  bath  aectic>.s  of  the  fiote-turned  sheet  ronforms  cn  rotation  ihroorh 

to  the  (111)  {1-^}  component  found  in  the  ceJ'i-rolied  -heet-  The  rerjsainiag 
component  cf  the;  C'-'ld- rolled  sheet  texiuia.  (iOC)  ‘3  r  component  c?  the 

•exturc  cf  the  flow- fur neti  inn.*r  section-  li  docs  not  appear  in  the  te^«ure  of 
the  flovr-turae  i  outer  scetj.-n  which  has  cnijr  a  single  component. 

The  relationships  between  th*se  textures  sti’gast  chat,  although  the  flow- 
turning  operation  results  i-c  *lon^at».'>n  of  iho  mr-lerial  in  the  axial  direction  cf 
the  Cytindcr  withoix*  a.ty  change  in  Interrai  Jiameter,  the  principal  dis'ortion 
of  material  ts  in  the  cireun*.f«r«n*ial  «ii»  action.  In  ih*.  omcr  secticn.  whi'h  is 
subjected  to  ir-e  jjrcatcsl  .distcfiion  from  the  Gow-tarning  tc*?!.  a  singular  texJure 
is  Jcvelopra.  This  tcxt«r_  is  -'qu-iealrni  to  one  of  ihc  conicrtnents  which  would 
fav  sspe':*«'5  le  result  if  rollin/.  w-erc  pcrfort.scd  in  the  circumferential  direction 
of  the  cylinder.  ITht  inner  sr'-{>''n  is  1»  sr  ^fccte  i  by  the  circurTtfcrential 
a<ii=~.  cf  i'-c  tool,  but  is  forced  to  eiangete  in  tK».-  .nxisJ  direction  of  the  Cylinder.  - 
In  this  seclicr.,  a  mixture  >i  ib'.  cu.er-scclion  tcs;*ir--  and  the  texture  expected 
for  rcMing  m  the  -direction  js  observed.  The  crnclusion  Irvsl  the  flow-turnad 

outer  sr<».ico  is  subjvcl.-d  to  Ire  greatest  ctgiec  of  cotd-wsrking  is  supported  by 
con  side  ration  o’  the  mcchanicr  '-J  the  Ceform.ation  process  and  by  the  fact  that  tnc 
ooiur  sreti-jfj  age  hardr-’is  more  rsvidf /  char,  the  inncr-sceJiaa.  This  latter 


p<^*  Ss  sllesSratsd  by  th«  cosiparicoa  i^wa  m  Fxgitr*  ?  td  ths  Tmapomt^ 

c-i  fls^tvirssiS  nvhicri*!.  In  tbe  figure  ixaSicatea  tne  greater  evcr'^aZl 

aging  reasosse  ci  {Is«*->uraed  materiaL. 

Ali»CBgh  no  data  has  been  re^rted  for  the  textore  ftavr^uraird  «acts73£s3 
•hr  textorc  cis3«r»''=5  here  for  cstd-roiicd  B~i20YCA  tit*isi»aa  alloy  can  be  eO£s>- 
ihat  ;  e^rted  Cor  other  body-ccnter-sd  cirbic  svetal?  asd  for  a  beta* 
tita^i^  alloy.  The  iha»-xct«risdc  rolling  laxtare  irr  b<r(Jy-€«»ic?ei  c«bie 
m«?ais  ij  ceasiuered^^^  to  be  tJtxt  sho^arn  by  iron,  namely.  {SOfo 
£ll2]  .md  (1151  (ll'*]  -  Table  I  clion-»  that  of  theite  sosnpoaejit*.  only  the  {iOO)  ‘ 
{0*1]  is  exbibiSes  by  the  5- IZGYCA  alloy.  Rccentlyi  .^bert,  I4a  and  C 
reported  tno  roIiii;r  texture  for  c-  stable  beta  phase  titasiem  alloy  aa  ;100}{i(lfr| 
aad  iil^}  fiOOI.  jt  i«  in^rly  that  the  latter  comgotieot  is  a  raiacriot  for  {ItZ}' 
5tace  there  ix  sio  |lC0j  type  direction  in  a  {ItZ}  type  plaac*^  Ere®  ao. 

Ihc  Jextarc  ia  rery  different  both  frotr,  that  focad  in  ires  and  that  ebsereed  here 
for  3-120VCA  alloy.  la  she  absence  of  detaSa  of  the  cctepcsitfon  ead  srtethods 
Qssd  in  the  -^tork  of  Albert  «i  ai. ,  it  Is  impossible  to  resolve  these  difference** 

4. 1  H.eip-.tionsh^p  Betxreen  Trxt»s~s  afc-3  Mfeebaaical  Properties 

■jTie  textures  of  the  cold-rciicd  sheet  and  the  flew  -tirriied  isaar  aectfoa 
filiostiatod  in  Figures  2.  5  and  6|  are  ssch  that,  on  &a  basis  of  textare  alone, 
the  sraKivcrcc  pror'-*’*i*3  ci  the  rolled  mater-  ^  weald  be  expected  to  ras«tid>lc 
tbs  axral  {loc=itas:nalJ  prir*>r?fie«  of  the  flovr-txrtKd  cylinder.  Sisnilarly,  ths 
IcnjsJc-diisil  J'C-l  rrliec  of  She  chxel  ihourJ  resemble  the  circumferetdial 
properties  of  Hit  flote-tcTned  snarr-secriosi.  la  practice,  as  sho^n  in  Figure  7, 
the  yield  streiigths  for  Sbsse  tiro  deforn^atios  conaitfona  »r*  esfnadnMelj  the 


«  $t1 


-T.vt  etc  it^-Je^ndeoi  of  dir«t5o«  of  tvaSiog. 

So  tts«  ca^  e:  fte  c«Ji«»  scctica  of  tbe  Covr-sssrowS  tsssScffial  ojSy  (Be 
{*!}3^!12j  coTopooco:  is  ^tfo^c  0^1  is  abseaS-  ?Bo 

l2tc,^r  is  S3oaS2^  do>Kit<^t  io  Vodjr^cc&lered  ct3»c  roHiss  coxXorcs*  Utos. 
t:«oiro?y  i:.  T^echstsccl  proportic*  which  saigfct  b<  chajfacEeris^s  cf  tfc*  1111} 
ii5j  b«  obs«rvtd  io  s*e  -.'tiier-ssctkm.  Is  iSte  asoer-sectksis  sal 

;Si»,  scld-rciicd  shert  -srhere  diis  cc-inpoi^«ci  is  a  crecoaiazy  oiyti  as  sHecEs 
anisotropy  are  epparecl.  As  is  *S»w*i  it>  i'lgare  "»»  C»<  octor-sectioo  do^e 
xrrkthit  nrrch  :(tro&^cr  properti^ts  io  the  ciresmfereotial  compared  with  tkt 
axla?  Jiir  iction-  The  effect  is  so  strong  »h3?  it  is  st^l  aspareatr  tho*»xh  te  A  IssssT 
ixtaat,  ie  testa  oa  the  entire  sheet  fitickAiss^  The  wery  iot»  «>«:#".  xsoted 

ire  the  axiai  yi-yliX  stre&|;th  ia  dse  ostcr  sectiae  ia  coesioered  to  be  spwri&o£« 

Osly  A  single  Xtif  -s^as  made,  whereis  aii  *lh*r  tests  were  tssde  ia  de^scsie* 
;rcr»j4;r  testa  of  this  ccttditica  ore  beiag  tr.^<!*  at  Pratt  atsd  Whitaey  Aircireit. 


1.  l^s  tcztarc  of  tlie  wall  of  a  Ilow-turaed  eyiiitder  of  B«iS9VCA  ti*sfiiuns  aUcy 
fiifisi  3  accross  tbe  wall  Shiskscas  and  differs  fresn  titat  cf  cold- rolled  sWet  of 
tkc  same  alioy. 

2>  Tiic  texvirc  of  £h*  inside  section  Of  the  wall  is  fiCQ)  (ill}  fll^^  asd 

that  of  the  ontside  section  is  (lit)  (ll2|. 

1-  The  texlere  cf  the  col'^^roUed  sheet  is  flOO}  (&*-!].  {tit)  |ilCK  - 
d.  The  differences  betnreen  the  mecSanical  proj^rties  of  She  ccld-rolisd  caeei 
ax&d  the  flow- tnrnsd -material  can  be  explained  is  terms  cf  the  differesces  x& 
preferred  orier^tior. 

it  is  recommended  that  a  stody  be  made  of  the  nature  cf  the  deformatioc^ 
involved  in  flour- turning  and  also  o'  the  relatisnshipe  between  the  deformatioa  and 
the  teaslting  texture.  In  this  way,  it  may  be  possible  *o  change  the  procesei^ 
variables,  nr  modify  the  process  itscif,  to  as  to  control  the  deformation  texture 
and  produce  decired  mechanical  properties- 
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CWeSTKitr 
AJtscd  Ssrvicts  ?ed5i5*al  Xafarsat^isa 
X«eacr 

ArlUsgtoe  ?sll  Ststdcs 
irlinjtce:  12, 

Attrw  nina  ~  lo 

Solid  ?T«pell«:t  Iaf;37Sx1iao  l^eaqr 
^A^lied  ?!;ysie3  Libcraicry 
Tae  Johns  H«5jS±ks  fei'yersi^ 

Silver  %arlrig,  3 

arises  Kewls  ^iforftailcn  Center 
catielie  Hsrs^rial  Ins  ii  tat* 

C-jl:Esb«£3,  -Cfcis  1 

Cffics  a;j«f  af  07d!;3ue« 

!>ij!artes«n»  af  irsy 
VitKlngian  25,  2.  C. 

Atta:  C2STS  «  1 

adraxicsrd  Reaiarca  Fscjects 
■Jh*  ?ciiaS23 
Va^iiagto*  £?,  S.  C, 

itte:  ih**  V.  C-,  sigr  1 

OcsnsniSlae  Gesieral 
Frahkford  Arstsal 
?ia.la<»^-ia  J7,  ?». 

Attn:  03)Ei,  K,  H.  aarfca*  1 

Attn:  03£A«  Sr.  3*  Gisscr  1 

Coseracdin^  Gei»iQ. 

Vatex’taua  Irrssal 
i^t*rto»ci  72,  Mass, 

Ittn;  03JBS-1X  5 

Cssscdlnj;  Offlear 
Ordnance  Materials  Seseaicn  Clflce 
Vitertcw)  Arscaal 
Vatertoio  72,  Kass. 

Altai  aP3  1 

Cc:5uc:dlnj  General 
U.  S.  Ar«7  Rodcet  end  Gsldsd  fSssUe 
Acciiy 

Arsenal,  Uabaaa 

Alta;  05DCWJC?,  Ifr,  2.  I,  JfffV»ertee*«5  i 


ef 

ft;  Coptss 

CcMMadie^  Ossseral 
ATt^  Halit  Stic  Ki^aile 
Mdstcne  Ar3«;al,  Alzb«is 
.  Atta;  2r,  S,  3.  1  - 

Ceaftandlrc  SStneral 
AWsrilers  ??ovia£  Ck«3iii 
Aherdaen  Proviso  Gnsad,  Rarylaed 
Attn:  C.  Pickett,  C&CS.  1 

Ccsaanalug  S£J?,cas^ 

Plsatlisiv  Ayemal 
Sermr,  E.J, 

itisu  FIsstiis  &  Packa*£aj  l^locatsrir  i 

Caanancisf  Cf^ecr 

&>ck  Island  Arsasal 

Hock  Islsad,  Xlllseis 

Alts;  Hsterials  ftetice  l^^xkrstosv  1 

Aliojrl  aesearen  CsrpoTafiAfl* 

^  $£ss>rldge  PazkMgr 
Cas^t&ridce,  Kidui* 

itt2«  Cr.  S.  5,  adte  1 

BatleiU  KewrUl  lasUtxt* 

$0S  Eisg  Arose 
CcHsxxa  It  Cti» 

Alts;  ?Jr.  S*  gonroe 

K?«  0.  FsaUoMr 

Ljon,  T^f*, 

Setmil,  Klddcaa 

Attn:  V.  Ksrlia  1 

Cccnasding  OfTiear 
Boston  Ordsc:»c  Edstrid 
isssj  Base 

Boston  1C,  yassachesette 
Attar  Sssesrch  ft  Sevdciaaest  Brapek  1 

OZfi^a 

George  C.  Har^MiU  Spo*  TU^ 

Center 

SCatlcnd.  Aercaeatica  aril  t^aee 
Acaindstratica 
Bedstone  Arsenal,  Ilrt— 

AtUn  Dr.  V.  laeae 
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Cisr-aftaliig  GseeraS. 

3,  5,  .srsE?  ballistic  ISssile  itscty 

Atisi:  Sr.  H,  R5r»ric:s  i 

FyciwUgiag  Labcrjitcjy 

e.  S.  ?^7sl  ategiac  Plstt 
Vaiiinstcn  ?<*  3.  C, 

ittei  122  1 

Gen»s"^  a«rt3ric  vOsqi»^ 

Hacie?.  i»c;Sr«  Sectisa 

rli^t  Jrapslsicn  Lsioraiory 

Clr;£dnn«li  15,  Cbio  i 

irtiXic  as  the  DirwU-I  «5f  DsfaiSZ 
Scsssrja?  i 

JEocn  3S-iS2S,  Patsgaa 
VaSEir-zfea  3,  3.  C, 

Attc:  Sr,  4,  C.  Harr^i*  1 

sf  e»  S>.iy 
Bsrew  cf  Crfccxe 
Soor.  OJOi,  JJaia  Kz»y  Eidg. 

V 2Sf  3, 

Attc:  Cwssancsr  S,  0.  Salter.  Se56  '1 

U,  5»  Air  Forcz  Oircctsrsta  cf  Ser^acrch 
i  Bs^dopacat 
Hooa  a!>-313»  ^Sw  PeaiMnaa 
Vzsbingtsjn  2$,  B.  C> 

Attm  'it.  Col,  J.  ?,  Sii;?},  Jr,  1 

Co:zsa:dcr 

Arrir  Heaeard:  Office 
Xrlinstca  Hall  Staticc 

Arllcgtos  12,  Tlrgisla  X 

Xational  Aexonaoties  and  ^ace 
Adsdnistratice 
Vaahisgtos,  0«  C« 

Attn;  Hr.  3,  T,  Bhoda  1 

Vri^tt  Air  T'etdopstes;!  Oentar 
'arriiJjt-PatAcrscn  Air  Force  Base,  Ofcte 
At*^.:  Hatarials  Central  (V»:»-2>^>  5 


ASC  r  light  Teat  Cster 
S&ords  Air  Force  Base,  CallfoxBia 
AUa:  5ol5al  Bschot  :;raadk  £?ggS> 

4>f:  .AexocaetScal  $2^tca»  Cestdr 
^fiflAht-ratieraca  Air  ?srs«  Beat^Chia 
Atta-*  HTg.  &  T&tarjal 

Techftolscy  TirisiAm 
USJa 

Cc^etssdar 

8*  S,  Sirii  Ori^Jtans  Labc<r^tc:v 
jJHit®  Oak,  Sl«r  Spriis^,  jlfoST-lsad 
Atta:  Csac  « 


Ccorasdcr 

y,  3,.Ss?a5.  Ox>ij:ascs  tost  BtcticB 
Sbl;^  ls£€,  CsHs'Ss^ 

Attpi  “icisicsl  library  3rer^ 

BepartMcat  of  tbe  B!s«y 
Office  cf  Haeal  Seseard: 
iCaihingtoc  2$,  3,  C, 

Atte:  Cede  1;23 

B«>art9eeat  ef  the  Xary 
^eci«l  Projects  Offioa 
tesidcjton  25,  !»,  C, 

Attsu  3F  271 

Atlantic  Ecseard;  vorpexattea 
'Shirley  Ei^sar  aad  'Bisall  Soad 
llexasdria, 

Aiiai  Hr.  E,  A.  Oleoti 

Aerojet^^ecerauL  Corporatics 
Pert  vfflco  tfOx  ishe 
Sscrasento,  Callfonia 
kXttit  UbrariaB 

Aerojet-General  Corporetioo 
?ost  Cffiee  Box  2S6 
tms»,  California 
Attn:  Xlbrazlae 

Hr,  C.  A.  Foersicr 
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Scrc«I«s  ?ovixr  Zanacf 
Ailepiac;  L<fc3r*tcyy 

?cst  Office  Sox  2x0 
OaiberJlSE-iS,  HaijisiJS 
Atte  Dr,  H,  Sieir-bergeT 

J.fiiwr  D,  Little,  loc*  - 
i-sjrs  ?£liC 
Ca:sisr-i-i£9  LO.  rtise, 

At»:  Cr,  Sisdsri 

?i  A«£l\»  Strict 
K-ivirfe  2j  S,J, 

3udd  -anjiir.y 

t«?>tas*  Dirialon  ‘  - 

?Miadelpiil»  22*  r», 

Attx:  R,  C.  rethierg 
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-rirht  iert^aantical  Sivisica 
•  ao*5-iiidge,  S, 

Attcj  ?*r,  ff,  aaha 

Hr.  ».  «.  aetUs 

ircrg-^tarjjftS" 

Ir-jerscil  Salarrzcao  Di-»lsiao 
1610  3,  Picchsr  Street 
Kil^sr-azoo,  Klchi^au 
itVc  Kr,  L.  E.  Eershej 
Hr,  H.  E,  Anrer?5*n 

Hassscrosetts  Ir^titsrte  of  Terfxiolojar 
Ci.-'^^dge,  Hassaebasetts 
Attn:  Prof,  Eackofen 


1 


Hanfssl^r'ittg  Lsbwrfto'lcy 
25^9  mtb  Stre.>t 
3s»itrridlpe  Ii2,  ^^39, 

Xtta:  lir,  ?. 

tr.  T,  Evk^iffe 

sute  &»i^ersil7 
Research  Focnd&tise 
Scrlirifeos,  6dx> 

Xttes  Dr,  Hofasi^ 
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.iAxanzei  Hetale  Sesiar^  Corp, 

62s  ScGralfc 

acsservllle,  ?».s. 
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Attn!  Hr,  l-ewis 
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^sadeaa,  California 

aai 

<* 

Attn:  Dr^  L.  Jaffes 
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Codahy,  Viseoaaia. 
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Attn:  Sofcert  P,  Eajici. 
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Eerearch  H^alicrgiat 
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Vyaen.Gori!co  Company  - 
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Graftaa,  Hassaehes.tts 

•S* 

Alts:  Ar^24j  Hastay 
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Cirsetcr  of  irreereh 

Hellci  Institute 
l;LOO  Fifth  Avenue 
Pittsburg  13*  ?*• 

Attn:  C,  J«  Cvea 

Dr.  H,  L.  .tr.thoaiF 

.ilar.Ijr.  v^tal  Corpora tica  «f  Areriea 

C72  Proadvaj 

Sew  York  7,  Serf  7otk 

Aiif.:  Hr,  ^7^  W.  JSnlclBr 
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Geoige  C,  Xarsh&ll  ' 
%>«:«  riirht  CeatM* 
Hantsville,  Alafaa?ia 
Attn:  Vi  1 1 U"  A.  VUsm 

Cricible  Steel  So-far^ 
'tidlanri,  ^nasyiwle 
Ann:  Dr,  Valter  FlaUy 

»-«ct  ive  Hetalt,  t*. 
Silec,  Oh!.  ' 

Atts»-  a-,  ir,  riatrem 
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Prfp-jMJc  Steel  Co%{«njr 
FarslsfrUle,  Loa.-  Ixlaat,  11,1, 
Attf:  Hr,  T*imte  Mrij/ 
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